To determine if oxygen-derived free radicals are mediators of endothelium-dependent contractions to acetylcholine in the aorta of spontaneously hypertensive rats (SHR), the mechanism of contraction to xanthine plus xanthine oxidase was studied. Rings, with and without endothelium, of thoracic aorta from normotensive Wistar-Kyoto (WKY) rats and SHR were suspended in organ chambers for isometric tension recording. Oxygen-derived free radicals caused concentration-dependent contractions; these contractions were twice as large in the aortas of SHR than in WKY rats. Deferoxamine reversed the response to xanthine oxidase to a small relaxation. Either allopurinol, superoxide dismutase, or catalase, or the combination of superoxide dismutase plus catalase reduced the contractions. Diltiazem inhibited the response to xanthine oxidase; in contrast, phentolamine plus propranolol did not affect it. Indomethacin and meclofenamate, but not tranylcypromine or dazoxiben blocked the contractions. Endotheliumdependent contractions to acetylcholine in aortas from the SHR were not affected by deferoxamine or superoxide dismutase plus catalase. These data suggest that hydroxyl radicals cause contractions in the rat aorta, which are dependent on extracellular calcium and mediated by activation of the cyclooxygenase in the vascular smooth muscle. The augmented contractions in the hypertensive strain are due to an increased reactivity of the smooth muscle to oxygenderived free radicals. However, the lack of effect of the scavengers on endothelium-dependent contractions to acetylcholine suggests that the endothelium-derived contracting factor is chemically different from oxygen-derived free radicals. (Hypertension 1989;13:859-864)
T he endotheliumgenerates oxygen-derived free radicals during acute hypertension in the cerebral circulation of the cat. 1 Superoxide anions can be released from cultured endothelial cells, 2 -3 and they may mediate endotheliumdependent contractions in the canine basilar artery. 4 Acetylcholine causes endothelium-dependent contractions in quiescent aortas from spontaneously hypertensive rats (SHR) that, like those evoked by arachidonic acid in canine blood vessels, are prevented by inhibitors of cyclooxygenase. 5 -8 In the aortas of SHR, none of the prostanoids released from the endothelium appears to mediate the endothelium-dependent contraction. 9 So far the endothelium-derived contracting factor has not been detected under bioassay conditions, which suggests it may have a very short half-life. The present study was designed to determine whether oxygen-derived free radicals cause contractions in the rat aorta and whether endothelium-dependent contractions evoked by acetylcholine in the aorta of the SHR are prevented by scavengers of oxygen-derived free radicals.
Materials and Methods
The experiments were performed on the thoracic aorta from male, normotensive Wistar Kyoto (WKY) rats (30-34 weeks old) that were age-and weightmatched with SHR (Harlan Sprague Dawley, Indianapolis, Indiana). Systolic blood pressure was determined by an indirect tail-cuff method 10 in the unanesthetized rat before the experiment. WKY rats with systolic blood pressures above 145 mm Hg and SHR with systolic blood pressure below 180 mm Hg were not included in the study. The thoracic aorta was excised under anesthesia with sodium pentobarbital (50 mg/kg i.p.), placed into, and carefully perfused with ice-cold modified Krebs'-Ringer bicarbonate solution of the following composition (mM): NaCl 118, KC1 4.7, CaCl 2 2.5, MgSO 4 1.2, KH 2 PO 4 1.2, NaHCOj 25.0, and edetate calcium di-sodium 0.026; glucose 11.1 (control solution). Up to four rings (6 mm length) were obtained from each animal. In some rings the endothelium was removed deliberately by gently rubbing the intimal surface with the tip of a small forceps. 7 The rings were suspended in organ chambers between a clip and a force transducer (UTC-2, Gould Inc., Cleveland, Ohio) by two stainless steel wires inserted into the lumen of the vessels. The organ chambers were filled with 25 ml control solution, kept at 37° C, and were aerated with a 95% O 2 and 5% CO 2 gas mixture. Changes in isometric force were measured. The preparations were set individually at the optimal point of their length-tension relation as determined by repeated exposure to norepinephrine (3x 10~7 M). 11 The presence of the endothelium was confirmed by the occurrence of relaxations to acetylcholine in rings contracted with norepinephrine (3x 10~7 M). 12 The responsiveness to 60 mM KC1 or norepinephrine (l(T 9 -10~6 M) was tested 1 hour before and after exposure to xanthine plus xanthine oxidase. The scavengers of oxygen-derived free radicals, allopurinol, and the inhibitors of prostaglandin synthesis had no eflFect on contractions to either norepinephrine or KC1 (data not shown). Oxygenderived free radicals were obtained from the enzymatic oxidation of xanthine to uric acid with xanthine oxidase. 13 Xanthine (10~4 M) was added 10 minutes before the enzyme; it had no eflFect on vascular tone whether the rings were contracted (KCL, 60 mM or phenylephrine, 10" 6 M) or not.
Drugs
The following drugs were used: acetylcholine hydrochloride, allopurinol, catalase (from bovine liver, 46,500 units/mg protein), dazoxiben (Pfizer, Groton, Connecticut), hydrogen peroxide (30% stock solution), indomethacin, meclofenamate, (1)-norepinephrine, phentolamine hydrochloride, propranolol hydrochloride, superoxide dismutase (SOD) (from dog erythrocytes, 2,400 units/mg protein), tranylcypromine hydrochloride, xanthine, and xanthine oxidase (from buttermilk, 0.5 units/mg protein). Unless otherwise specified, all drugs were obtained from Sigma Chemical Co. (St. Louis, Missouri); they were prepared daily in distilled water except for indomethacin, which was dissolved by sonication in Na 2 CO 3 (10~5 M). Xanthine and allopurinol were prepared in a stock solution (10 ml) alkalized with 150 fi\ NaOH (IN). All concentrations are expressed as final molar bath concentrations.
The incubation time was 5 minutes for the scavengers (superoxide dismutase, catalase, and deferoxamine) and 1 hour for all other inhibitors. Allopurinol was added to both the stock solution of xanthine oxidase and the organ bath at the same time.
Calculations and Statistical Analysis
Increases in tension are expressed as absolute values (g) or in percent of the maximal response to KCL (60 mM, isotonic) obtained at the beginning of each experiment. Results are given as mean±SEM; n refers to the number of rats from which the vessels were taken. Statistical evaluation was done by Student's / test for paired or unpaired observations or one-way analysis of variance. When p was less than 0.05, the means were considered to be significantly different. ED 50 values were determined as the negative logarithm of the concentration of an agonist, which caused 50% of the individual maximal contraction.
Results

Basal Data
Systolic blood pressures were significantly higher in hypertensive compared with normotensive rats (WKY 121 ±9 mm Hg, n=6; SHR 195+2 mm Hg, «=40, p<0.05). The mean body weight was not significantly different in the two groups (WKY 383±6g;SHR361±6g).
The maximal contraction to potassium (60 mM) was comparable in all groups (WKY with endothelium 3.24±0.16 g, 12 rings; without endothelium 3.86±0.11 g, 12 rings; SHR with endothelium 3.49±0.07 g, 12 rings; without endothelium 3.61±0.11 g, 79 rings).
The contractions to norepinephrine (cumulative concentration-response curve, 10~9-10~6 M, 1 hour after exposure to oxygen-derived free radicals) in rings without endothelium were augmented significantly in SHR compared with WKY rats (maximal response in percent of contraction to KC1 60 mM: WKY rats 124±4%, SHR 148±5%, n=6, p<0.05; ED 50 : WKY 8.03±0.04, SHR 8.20±0.04, «=6, p<0.05).
Untreated Rings
Xanthine oxidase (0.001-0.03 units/ml) in the presence of xanthine (10~4 M) caused concentrationdependent contractions in rings without endothelium from both strains. The contractions were significantly larger in rings from SHR; in those arteries the maximal contractions were comparable with those induced by 60 mM KC1 (Figure 1 ). The contractions were reversible. After washing with control solution, the preparations responded normally to norepinephrine and K + (data not shown). The presence of endothelium significantly inhibited the contraction to xanthine oxidase to the same extent in both strains (Figure 1 ).
Hydrogen peroxide (10" 7 -10~4 M) also evoked concentration-dependent contractions in quiescent rings without endothelium from SHR (threshold 10~6 M; ED 50 : 4.32±0.07, maximum 32±3% of the contraction to 60 mM KC1). In concentrations higher than 10~4 M, hydrogen peroxide induced relaxations (data not shown).
Allopurinol
Allopurinol ( Xanthine oxldase, U/ml contraction to xanthine oxidase in rings with endothelium (data not shown).
Scavengers of Oxygen-Derived Free Radicals
The combination of SOD (150 units/ml) plus catalase (1,200 units/ml) had a similar inhibitory effect as aliopurinol in rings with and without endothelium from SHR ( Figure 2 , and data not shown).
Deferoxamine (10~4 M) caused modest contractions of quiescent rings (0.1-0.6 g). It reversed the effect of xanthine oxidase to a small relaxation (Figure 2 ). Catalase alone reduced the contraction to xanthine oxidase more than SOD alone ( Figure  2 ). It prevented hydrogen peroxide-induced contractions (data not shown, n=A, p<0.05).
Adrenergic Blockade
The combined blockade of a-and /3-adrenergic receptors with phentolamine (10~6 M) plus propranolol (5xlO~6 M) did not affect the contraction to xanthine oxidase in rings without endothelium from hypertensive animals (data not shown, n=4).
Diltiazem
Diltiazem (10~6 M), which reduced K + -induced contraction (60 mM) by about 55%, significantly inhibited the response to xanthine oxidase (0.03 units/ml; control, 77±11% and diltiazem, 14±4% of the contraction to KCl) in rings from SHR without endothelium.
Metabolism of Arachidonic Acid
Incubation with indomethacin (10~5 M) abolished the contractions to xanthine oxidase in rings without endothelium from WKY rats and markedly reduced those in rings without endothelium from SHR (/?<0.05). In the presence of the endothelium and the inhibitor of cyclooxygenase no contraction could be observed (Figure 1) . Similar results were obtained with meclofenamate (10~5 M) in aortas from SHR (data not shown, n=4, p<0.05).
Tranylcypromine (10~4 M) and dazoxiben (10~4 M) had no significant effect on the contractions induced by xanthine oxidase in rings without endo- thelium from the SHR (data not shown, n=6 and n=4, respectively).
FIGURE 2. Effect of scavengers of oxygenderived free radicals superoxide dismutase (SOD) (150 units/ml), catalase (1,200 units/ml), catalase and SOD, deferoxamine (10~4 M), or aliopurinol on contractions induced by xanthine oxidase (0.001 -0.03 units/ml) in the presence of xanthine (10~4 M) in quiescent aortas from spontaneously hypertensive rats (SHR) (without endothelium
Acetylcholine
Acetylcholine (10~8-10~4 M) caused contractions in quiescent rings with endothelium from SHR. Deferoxamine (IO" 4 M) did not prevent these contractions. When the rings were contracted with norepinephrine (10" 8 -3 x 10~8 M), the concentrationresponse curve to acetylcholine was biphasic: relaxations in the lower range were followed by contractions in the higher range. The combination of SOD (150 units/ml) plus catalase (1,200 units/ml) did not affect the response to acetylcholine, whether the rings were contracted with norepinephrine or not (data not shown, n=6).
Discussion
Heterogeneity has been observed in the response of blood vessels to oxygen-derived free radicals. Hydrogen peroxide evokes contractions in the isolated carotid artery and in the perfused lung of the rabbit.
1415 Superoxide anion also causes contractions in the isolated canine basilar artery. 16 In contrast, relaxations to hydrogen peroxide occur in this tissue, in the coronary artery of the same species, 17 and in the rat aorta. 1819 Hydroxyl radicals cause relaxations in the intact cerebral circulation of the cat and the mouse.
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The present study demonstrates that, in the rat aorta, oxygen-derived free radicals generated by xanthine oxidase in the presence of xanthine 13 cause concentration-dependent contractions. This effect was significantly augmented in the SHR. The inhibitory effects of superoxide dismutase, catalase, and deferoxamine indicate that the contractions are due to the generation of oxygen-derived free radicals.
-
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- 22 This interpretation is supported further by the fact that allopurinol, a specific inhibitor of the metabolism of xanthine to uric acid by this enzyme, 23 also inhibits the contractions. Deferoxamine, a chelator of iron and scavenger of hydroxyl radical, 22 -24 abolishes contractions to xanthine oxidase indicating that the hydroxyl radical is the mediator of the contractions. The inhibitory effect of SOD and catalase could be explained by the removal of superoxide anion and hydrogen peroxide with subsequent decrease in the production of hydroxyl radicals. Superoxide anion (generated by xanthine plus xanthine oxidase in the presence of catalase and deferoxamine) does not produce contractions in the isolated rat aorta (unpublished observations), suggesting that direct vasoconstrictor activity of superoxide anion does not contribute to the contractile effect of xanthine oxidase. Hydrogen peroxide caused catalase-sensitive contractions in the aorta from the SHR. These contractions were observed in a concentration range that was below the toxic level to judge from the effect on cultured endothelial cells. 25 They preceded relaxations that were observed at concentrations (more than 10~4 M) reported by others to inhibit vascular smooth muscle. 19 Thus, the activation of smooth muscle by hydrogen peroxide can contribute to the contractions induced by xanthine oxidase.
In aortas from the normotensive rats, oxygenderived free radicals caused weak contractions, whereas in vessels from SHR this effect was potentiated markedly. Since the potentiation was observed both in the presence and absence of the endothelium, it cannot be attributed to the endothelial dysfunction that occurs in hypertension. 7 It may reflect the augmented responsiveness to vasoconstrictor substances or the increased activity of cyclooxygenase in the arterial wall of the SHR. 26 The mechanism by which oxygen-derived free radicals activate the contractile process in vascular smooth muscle is unknown. Release of norepinephrine from perivascular nerve endings by the oxygenderived free radicals is unlikely because of the lack of effect of adrenergic blockade with phentolamine and propranolol. The contractions to oxygenderived free radicals were inhibited by the Ca 2+ -antagonist diltiazem, which suggests that the entry of extracellular calcium contributes to the phenomenon. Similarly, oxygen-derived free radicals generated by xanthine oxidase can stimulate calcium influx through voltage-operated channels in endothelial cells. 27 The metabolism of arachidonic acid by the cyclooxygenase pathway must play a key role in the contractions induced by the oxygen-derived free radicals. This conclusion is based on the observation that they were greatly inhibited by two chemically different inhibitors of the enzyme, indometh-acin and meclofenamate. 28 This cannot be explained by radical-scavenging properties of these two drugs, because they do not inactivate superoxide anion in isolated arteries and cultured endothelial cells.
-29
The major end product of cyclooxygenase in large arteries is prostacyclin. 30 However, inhibition of prostacyclin synthetase with tranylcypromine 31 and thromboxane synthetase with dazoxiben 32 did not affect the contractions induced by oxygen-derived free radicals in the aortas of SHR. Therefore, it is unlikely that either prostacyclin or thromboxane A 2 are the mediators of radical-induced contractions. The present study does not allow further speculations concerning the nature of the endoperoxides or prostanoids involved in this phenomenon.
The endothelium can inhibit contraction of vascular smooth muscle because it releases endotheliumderived relaxing factor.
1233 - 34 The present experiments suggest that endothelial cells inhibit the contractions to oxygen-derived free radicals. The inhibitory effect of the endothelium may be due to spontaneously released (basally released) endothelium-derived relaxing factors. 35 Alternatively, the release of the factors may be stimulated by oxygenderived free radicals. Indeed, it has been shown that hydrogen peroxide stimulates the release of endothelium-derived relaxing factor and prostacyclin from endothelial cells.
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- 36 Since the presence of the endothelium prevents the small contractions to oxygen-derived free radicals in the presence of indomethacin, endothelium-derived relaxing factor must be involved. An increase in intracellular calcium in the endothelial cell in response to oxygenderived free radicals 27 could be the stimulus for the release of the relaxing factors. 33 The inhibition by endothelium-derived relaxing factors of the contractions evoked by oxygen-derived free radicals may also be due to the scavenging of superoxide anions. 29 -37 In the basilar artery of the dog, endotheliumdependent contractions to the Ca 2+ ionophore A 23187 are prevented both by inhibitors of cyclooxygenase and by scavengers of oxygen-derived free radicals. 16 In the aortas of SHR, the endotheliumdependent contractions to acetylcholine are blocked by inhibitors of cyclooxygenase. 7 The lack of effect of scavengers on endothelium-dependent contractions to acetylcholine suggests that these contractions are not caused by the release of oxygenderived free radicals from the endothelium. However, these scavengers are big molecules, which might not be able to reach the contracting factor in the space between the endothelium and the vascular smooth muscle. The endothelium-derived contracting factor might also be a more complex radical, which cannot be inactivated by the scavengers. Alternatively, an oxygen-derived free radical may be released in the smooth muscle. The present data demonstrate that inhibitors of cyclooxygenase can prevent contractions of the smooth muscle of the SHR in the absence of the endothelium. Hence, the factor released from the endothelium by acetylcholine does not necessarily have to be a prostanoid, as postulated earlier. 7 
